Background/Aims: Two major barriers to the successful treatment of colorectal cancer (CRC) are the development of stem cell-like characteristics (stemness) and chemoresistance. Ubiquitin-specific peptidase 22 (USP22) is a deubiquitinating enzyme and putative CRC marker that has emerged as a potential cause of both phenomena in CRC. There is evidence that USP22 acts through the Wnt/β-catenin pathway and that downregulation of the latter may reduce chemoresistance. Methods: In this study, we used CRC tissue specimens from human patients as well as human CRC cell lines to evaluate the role of USP22 in CRC stemness and chemoresistance in vitro and in vivo. RT-PCR and western blot were used for gene expression analyses. Immunohistochemistry was performed for USP22 expression in clinical samples. CD133 levels were analyzed by flow cytometry. Sphere formation and MTT assays were used for self-renewal and proliferation analysis. Chemoresistance was evaluated by cell viability and sphere formation assays. Results: We found a significant increase of USP22 in recurrent CRC and chemoresistant CRC cells as compared to primary CRC and non-chemoresistant CRC cells, respectively. We then demonstrated that USP22 mediates CRC cell chemoresistance through the Wnt/β-catenin pathway and that reducing USP22 in CRC cells diminishes chemoresistance. Conclusions: Having established the crucial role of USP22 in CRC stemness and chemoresistance, this study suggests that USP22 may be an ideal genetic target in the treatment of chemoresistant CRC.
Introduction
Colorectal cancer (CRC) is the third most common cancer and the second leading cause of cancer-related death in Western countries [1] . The 5-year relative survival rate of patients with metastasized CRC is only 8% [2] . A strong prognostic determinant for CRC patients is the success or failure of their chemotherapy regimen. Because of this, chemoresistance poses a great threat to successful treatment. Even though almost 50% of patients respond to systemic therapies, nearly all patients develop chemoresistance [1] . Therefore, understanding mechanisms of chemoresistance promises to prevent or reverse chemoresistance and thus revolutionize CRC treatment with chemotherapy. In this study, we focus on CRC chemoresistance to 5-fluorouracil (5-FU), which, despite the advent of targeted molecular therapies, is a systemic therapy that remains central to the treatment of CRC [3] .
While the mechanism of CRC chemoresistance is unknown and likely varies by cancer genotype and phenotype, there is strong evidence to support the idea that it is a tumor's cancer stem cells (CSCs) that cause chemoresistance [4] . CSCs promote tumor growth, invasion, and metastasis--all of which negatively impact prognosis. Furthermore, because CSCs cycle slowly, they increase chemoresistance and thus tumor recurrence [2] . Reducing a tumor's stemness may therefore also reduce its chemoresistance [5] . Thus, in an investigation of chemoresistance, it is also important to consider stemness, or the ability of a cell to selfrenew and differentiate into various cell types [6] .
Ubiquitin-specific protease 22 (USP22) is a gene that may be crucial to the stemness of CRC. It has been shown to promote cell cycle progression and tumorigenesis [7] [8] [9] . Furthermore, USP22 expression correlates with CRC progression and therapy failure [10] . In this study, we analyzed the levels of USP22 expression in human primary and recurrent CRC tissues, CRC cell lines, CRC cells with CD133 surface antigen (a colon CSC marker), and 5-FU resistant CRC cells, to determine the impacts of USP22 expression on CRC recurrence, stemness, and chemoresistance [2] . We also assessed the relationship between USP22 and the Wnt/β-catenin signaling pathway, which has been shown to contribute to stemness, tumorigenesis, and chemoresistance [11, 12] .
The Wnt/β-catenin pathway controls cell proliferation and stem cell self-renewal [11] . Aberrant and excessive Wnt signaling contribute to CRC growth as well as to CSC maintenance [13, 14] . Increased Wnt signaling indicates a poor prognosis for patients with CRC, and disrupting Wnt pathway activation prevents CRC progression [15] . Given the evidence for USP22's promotion of β-catenin nuclear localization, which is necessary for Wnt pathway activation, we hypothesized that USP22 maintains CRC cell stemness and tumorigenesis through Wnt/β-catenin signaling [7] . USP22 knockdown in CRC cell lines does in fact reduce Wnt/β-catenin signaling, suggesting a greater role for USP22 in CRC progression than was previously supposed. Overall, the present study demonstrates that USP22 mediates CRC cell stemness, tumorigenesis, and chemoresistance through the Wnt/β-catenin signaling pathway.
Materials and Methods

Tissue specimens
This study was approved by the Research Ethics Committee of the Affiliated Tumor Hospital of Harbin Medical University (Harbin, China). All patients provided written informed consent. Paired fresh primary and recurrent colorectal cancer (CRC) tissues were obtained from 4 patients who underwent surgery at the Affiliated Tumor Hospital of Harbin Medical University. The specimens were snap frozen in liquid nitrogen and stored at -80°C until processing.
Cell culture
Human CRC cell lines (Caco2, HT29, HCT15, HCT116, SW620 and SW480) were obtained from the Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences (ATCC). Cells were cultured at 37°C in 5% CO 2 atmosphere in RPMI-1640 medium (Hyclone, Logan, UT), supplemented with 10% 
Reverse transcription PCR (RT-PCR)
Total RNA was isolated from CRC tissues and cell lines using Trizol reagent (Invitrogen, Carlsbad, CA) and reverse transcribed into cDNA using Superscript First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. The primers used are listed in Table 1 . PCR conditions were: initial denaturation at 95°C for 2 min, followed by 30 cycles of amplification at 95°C for 30 s, 55°C for 45 s, and 72°C for 1 min, and a final extension at 72°C for 15 min.
Western blot
Total protein from CRC tissues and cell lines was extracted in a lysis buffer consisting of 20 mM Tris-HCl (pH 7.5), 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, and protease inhibitors. Protein was analyzed in the supernatant by the Bradford method (BioRad, Hercules). Proteins in all samples were separated by SDS-PAGE (10%) and transferred onto nitrocellulose membrane. Membranes were probed with primary antibodies overnight at 4°C. After washing, the membranes were incubated with the HRP-conjugated secondary antibody for 1 h. The following antibodies were used: antibodies against USP22 and β-catenin were from Abcam (Cambridge, MA); antibodies against MYC, Sox2 and Axin2 were from Cell Signaling Technology (Danvers, MA); antibodies against CD133, CD44, Cyclin D1 and GSK3β were from Santa Cruz Biotechnology (Santa Cruz, CA).
USP22 siRNA Sequences and Transfection
The USP22 sequence-specific siRNA and scramble control siRNA were designed and synthesized by Invitrogen. The sequences of siRNA were as follows: USP22 siRNA, 5'-TGCTGTCAAGCTCCCGTTTGGTTGGT-GTTTTGGCCACTGACTGACACCAACCACGGGAGCTTGA-3' (forward) and 5'-CCTGTCAAGCTCCCGTGGTTGGT-GTCAGTCAGTGGCCAAAACACCAACCAAACGGGAGCTTGAC-3' (reverse); Scramble control siRNA, 5'-TGCT-GAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTACATTT-3' (forward) and 5'-CCTGAAATGTACTGCGTGGAGACGTCAGTCAGTGGCCAAAACGTCTCCACGCGCAGTACATTTC-3' (reverse). FuGENE ® HD Transfection Reagent (Invitrogen) was used for cell transfection, following the manufacturer's instructions. 48 hours after transfection, cells were collected for next steps.
Immunohistochemistry
Paraffin-embedded tissue blocks from four patients were retrieved from the Pathology Department, and 5μm thick sections were prepared for standard immunohistochemistry using EnVisionTM's immunohistochemistry methods. Briefly, the tissue sections were deparaffinized in xylene and rehydrated 
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through an ethanol gradient. Samples were blocked in 20% normal serum and incubated overnight at 4°C with a primary antibody against USP22 (Abcam) at a dilution of 1:100. The sections were washed with phosphate-buffered saline (PBS) and then incubated with secondary antibody at room temperature for 1 h. The color reaction was processed with 3, 3'-diaminobenzidine (DAB) solution and then viewed under a microscope. For fluorescent staining, the slides were incubated with primary anti-USP22 antibody overnight after blocking and then incubated with AlexaFluor 488-conjugated secondary antibody for 1 h. Nuclear counterstaining was assessed by incubating slides with 4, 6-diamidino-2-phenylindole (DAPI). Slides were observed under a fluorescence microscope equipped with a digital camera (Nikon, japan).
CD133+ cell isolation
The CD133+ CRC cells were isolated from Caco2 and HCT15 cell lines using magnetic-activated cell sorting (MACS; Miltenyi, Bergisch Gladbach, Germany), according to the manufacturer's instructions. Briefly, CRC cells were collected and centrifuged for 5 min. The supernatant was removed and 20μL CD133 microbeads were mixed in and incubated for 15 minutes at 4°C. The cells were washed twice to remove the uncombined microbeads. The CD133+ cells were isolated by a magnetic separation column. In order to verify the efficiency of cell isolation, the isolated cells were stained with CD133-PE and analyzed by flow cytometry (BD Biosciences, San Jose, CA, USA).
Sphere formation assays CRC cells (1×10 3 cells/well) were plated in 6-well plates with ultra-low adherence (Corning, Corning, NY) and cultured in RPMI-1640 medium, supplemented with B27, heparin, N2 supplement, 20 ng/ml EGF and 20 ng/ml bFGF for three days to form spheres.
MTT assays
Cell viability was assayed using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (CellTiter96; Promega) according to the manufacturer's instructions. Briefly, the cells were seeded onto 96-well plates and cultured for up to 7 days. At the end of each period, 10 μL MTT solution was added and the cells were incubated for an additional 4 h, after which 150 μL dimethyl sulfoxide (DMSO) was added to each well and mixed thoroughly. The optical density of each well was measured with a spectrophotometer (UV5100, Shanghai).
5-FU resistant cell establishment
5-FU resistant CRC cells were generated by continuous exposure to increasing concentrations of 5-FU (from 5 to 30 μg/ml) with repeated subculture until fully resistant to 5-FU. Cells were first cultured in growth medium with 5 μg/ml 5-FU for two months, and the concentration of 5-FU increased 5 μg/ml every two months. 
Animal model
Statistical analysis
Statistical analysis was performed using GraphPad software (version 5.0). The differences between paired groups were analyzed by Student's t-test. Data for multiple groups were analyzed by one-way ANOVA. P values less than 0.05 were considered statistically significant. The data are expressed as mean ± standard error of the mean (SEM).
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Results
USP22 expression is significantly increased in recurrent colorectal cancer tissues
In order to investigate USP22 function in colorectal cancer (CRC) recurrence, we first analyzed USP22 mRNA expression in paired primary and recurrent CRC tissues from four CRC patients. We found that USP22 mRNA is significantly increased in recurrent tissues compared to primary tissues (Fig. 1A) . Western blot showed overexpression of USP22 protein in recurrent tissues (Fig. 1B) . Immunohistochemistry staining further confirmed USP22 upregulation in recurrent CRC (Fig. 1C) . We performed western blot for USP22 expression in six CRC cell lines (Caco2, HT29, HCT15, HCT116, SW620 and SW480) and found that USP22 was increased in all cell lines compared with primary colorectal cancer tissues (Fig. 1D) . Overall, these results demonstrate that USP22 is significantly and consistently upregulated in recurrent CRC tissues and in CRC cell lines.
USP22 is required for CRC stemness and tumorigenesis
To evaluate the effects of USP22 on CRC cell stemness and tumorigenesis, we isolated CD133+ Caco2 and HCT15 cells using the MicroBeads method. Positive CD133 expression was confirmed with flow cytometry analysis (Fig. 2A) . We then analyzed USP22 expression in CD133-and CD133+ CRC cells. As shown in Fig. 2B , USP22 was overexpressed in CD133+ Caco2 and HCT15 stem cells. The CD133+ Caco2 and HCT15 stem cells were then induced to differentiate. The expression of stem cell markers, including CD133, CD44 and Sox2, were found to be downregulated while differentiation marker Xbp1 was observed to be upregulated, suggesting successful induction of differentiation ( Fig.  2C and 2D ). Both USP22 mRNA and protein were also downregulated after differentiation ( Fig. 2C and 2D) . Furthermore, we decreased USP22 using siRNA and examined stemness and differentiation markers. As we expected, downregulation of USP22 decreased CRC cell stemness markers and increased differentiation markers (Fig. 3A  and 3B ). We then performed sphere-forming assays using USP22 knockdown cells. As shown in Fig. 3C and 3D, knockdown of USP22 reduced sphere number and single sphere size of CD133+ Caco2 and HCT15 cells. In addition, downregulation of USP22 significantly inhibited colorectal stem cell proliferation (Fig. 3E) . We next performed in vivo limiting dilution assays by subcutaneously transplanting Caco2 cells (CD133-or CD133+ with or without USP22 downregulation) into nude mice. As shown in Fig. 3F , the USP22 knockdown groups needed more cells to form subcutaneous tumors. Consistent with the results of the in vitro assays, CD133 staining in USP22 knockdown tumors was weaker than in the control group (Fig. 3G) . Overall, these results indicate that USP22 expression is necessary for CRC stemness and tumorigenesis, in vitro and in vivo.
Knockdown of USP22 attenuated the Wnt/β-catenin signaling pathway
We next explored the mechanism by which USP22 regulates CRC cell stemness and tumorigenesis. Because USP22 is functionally correlated with Wnt/β-catenin signaling regulators and proteins Foxm1 and GSKβ [7, 16] , we hypothesized that USP22 maintains CRC cell stemness and tumorigenesis through Wnt/β-catenin signaling. To explore this hypothesis, we performed RT-PCR and western blot assays for Wnt/β-catenin signaling target genes (Axin2, MYC and Cyclin D1) in USP22 knockdown Caco2 and HCT15 stem cells. As shown in Fig. 4A and 4B, these genes were significantly downregulated in CRC cells with USP22 knockdown. We then performed Wnt luciferase activity assays in USP22 knockdown Caco2 and HCT15 stem cells with or without Wnt3a treatment. These assays showed that Wnt luciferase activity was attenuated in USP22 knockdown CRC cells (Fig. 4C) . Additionally, a simultaneous decrease of total and nuclear β-catenin protein levels was observed in Caco2 and HCT15 stem cells with USP22 knockdown (Fig. 4D) . Finally, RT-PCR of Wnt/β-catenin signaling components, including Wnt1, Wnt2b, Wnt3a, LRP5, LRP6, Axin, GSK3β and APC, showed strong downregulation of Wnt1, Wnt2b and Wnt3a expression (Fig. 4E) . Taken together, these findings indicate that USP22 is required for Wnt/β-catenin signaling pathway activity in CRC cells.
Knockdown of USP22 reduced CRC cell chemoresistance
It has been reported that tumor initiating stem cells or cancer stem cells from the original tumor are the main reasons for tumor resistance to chemotherapy [17] . Our previous results demonstrated that USP22 is required for CRC cell stemness and tumorigenesis. We next determined whether USP22 promotes CRC cell chemoresistance. To start, we generated 5-FU resistant CRC cells and examined their levels of USP22 expression. RT-PCR and western blot showed that both mRNA and protein expression of USP22 were increased in 5-FU resistant cells (Fig. 5A and 5B) . We then decreased USP22 expression in 5-FU resistant Caco2 and HCT15 cells (Fig. 5C) . Sphere formation and cell viability assays revealed that USP22 knockdown significantly reduced the rate of sphere formation and viability of chemoresistant CRC cells (Fig. 5D and 5E ). In addition, we observed reduced cell viability in normal Caco2 and HCT15 cells under 5-FU treatment (Fig. 5F ).
USP22 mediated CRC cell chemoresistance through Wnt/β-catenin signaling
Wnt/β-catenin signaling is one of the key signaling pathways involved in cancer stem cell chemoresistance [11, 12] , and our previous data have demonstrated that USP22 regulates 
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Wnt/β-catenin signaling. To determine whether USP22 affects CRC cell chemoresistance through Wnt/β-catenin signaling, we knocked down USP22 in 5-FU resistant Caco2 cells. These cells were then treated with 5-FU, and the downstream genes of Wnt/β-catenin signaling were examined. We found that 5-FU significantly promoted the expression of Wnt/β-catenin signaling target genes. However, 5-FU failed to elevate gene expression in USP22 knockdown cells ( Fig. 6A and 6B ). In addition, Wnt luciferase activity and β-catenin expression were not promoted by 5-FU in USP22 knockdown CRC cells ( Fig. 6C and 6D ). We then increased β-catenin expression in USP22 knockdown cells (Fig. 6E ). These cells were subjected to cell viability assays under 5-FU treatment. The results showed that overexpression of β-catenin totally rescued cell viability inhibited by knockdown of USP22 (Fig. 6F ).
Discussion
In this study, we have identified a critical role for USP22 in the development of CRC stemness and chemoresistance. Our mechanistic findings establish that USP22 does so through the Wnt/β-catenin signaling pathway. Ultimately, this study opens the possibility of targeting USP22 expression to increase CRC susceptibility to 5-FU in a clinical setting.
USP22 is a deubiquitinating enzyme and putative CRC marker that has been shown to promote the pathological processes of various malignancies, including tumor recurrence 
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Cellular Physiology and Biochemistry and metastasis, [18] [19] [20] [21] . In its most basic functions, USP22 promotes the G1/S cell cycle transition and cell proliferation [7] [8] [9] . It has been shown to upregulate FoxM1 expression via β-catenin nuclear localization and to regulate the SIRT-STAT2 signaling pathway [7, 22] . Despite evidence that USP22 causes poor CRC prognoses, prior to this study, it was unclear how it does so. The results of this study reveal that in CRC, USP22 acts through the Wnt/β-catenin signaling pathway to maintain CRC cell stemness and cause chemoresistance. CRC recurrence occurs for a variety of reasons, including CSC reservoirs that haven't been resected or eliminated by chemotherapy, as well as molecular pathways such as Wnt and Notch [23] . To determine whether USP22 plays a role in CRC recurrence, we analyzed USP22 expression levels in paired fresh primary and recurrent CRC tissues from four human patients and found that, in fact, USP22 was overexpressed in recurrent CRC as compared to primary CRC. After determining that USP22 was upregulated in putative CSCs (CD133+ CRC cells) and required for CRC stemness and tumorigenesis, it seemed likely that USP22 overexpression is in fact crucial to CRC recurrence. Because USP22 is functionally related to Wnt signaling and Wnt signaling overactivation is a hallmark of CRC, it seemed likely that USP22 exerted its effects on CRC stemness through the Wnt/β-catenin pathway [7, 24] .
The canonical Wnt pathway is an evolutionarily conserved mechanism of stem cell regulation [24, 25] . Aberrant regulation of the Wnt pathway causes malignant proliferation, and its activation helps maintain the CSC reservoir that contributes to CRC stemness, recurrence, and chemoresistance [26, 27] . While there are many regulators of the Wnt pathway, none have been identified that account for these properties of CRC. Using USP22 knockdown CRC cell lines, we demonstrated that USP22 activity is necessary for the Wnt/β-catenin pathway.
Having established the necessity of USP22 for CRC stemness, tumorigenesis, and the Wnt/β-catenin pathway, we needed to determine whether USP22 is responsible for CRC chemoresistance and, if so, to reveal its mechanism of action. CRC chemoresistance is the 
Cellular Physiology and Biochemistry main reason why the disease's prognosis is so poor [28] . Prior to this study, it had been shown that chemoresistance can develop due to the maintenance of CSC reservoirs and the upregulation of signaling pathways such as Wnt [26, 27, 29] . We therefore hypothesized that USP22 was required for CRC chemoresistance and that it mediated chemoresistance through Wnt/β-catenin signaling. Indeed, USP22 expression was necessary for chemoresistance in 5-FU resistant CRC cell lines, and decreasing USP22 expression reduced chemoresistance. Finally, 5-FU did not elevate downstream genes of Wnt/β-catenin signaling in USP22 knockdown cells, indicating that USP22 is necessary for chemoresistance mediated through Wnt/β-catenin signaling.
Conclusion
These results demonstrate that USP22 plays a crucial role in CRC stemness, recurrence, tumorigenesis, and chemoresistance--largely through its functional relationship to the Wnt/β-catenin signaling pathway. While future studies are necessary to determine the mechanism of USP22 overexpression, the present study provides compelling evidence for targeting USP22 in the treatment of CRC.
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